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I . INTRODUCTION 


During  the  past  few  years  the  Ballistic  Research  Laboratory  (BRL) 
has  conducted  a series  of  tests  to  investigate  the  use  of  a more  aero- 
dynamically  efficient,  non-con2 * 4cal  boattail  on  spin  stabilized 
projectiles.  The  new  boatta'.i  decreases  the  drag,  pitching  moment,  and 
Magnus  moments  acting  on  the  full  projectile1 ,2  and  improves  the 
projectile  flight  characteristics  by  a significant  amount.  This  boat- 
tail  uses  twisted  "flat"  surfaces  to  taper  the  cylindrical  projectile 
body  to  a triangular  base.  The  "flat"  surfaces  produce  additional 
aerodynamic  lift  on  the  rear  of  the  projectile  which  in  turn  decreases 
the  pitching  moment.  The  lower  pitching  moment  increases  the  gyroscopic 
stability  of  a projectile  ha/ing  the  same  physical  characteristics  as  a 
conical  boattailed  projectile,  or  the  lower  pitching  moment  can  be 
traded  for  increased  projectile  length.  This  boattail  also  creates 
lower  Magnus  or  yawing  moments  which  in  turn  produces  improved  dynamic 
stability.  During  the  wind  tunnel,  aeroballistic  range,  and  full  range 
tests,  many  of  the  aerodynamic  characteristics  of  a 155mm  projectile 
using  the  new  boattail  have  been  determined.  This  report  presents 
these  characteristics  and  shows  how  these  characteristics  improve  the 
flight  performance  of  the  projectile. 

Other  advantages  of  the  non-conical  boattail  which  are  obvious, 
but  have  not  yet  been  fully  investigated  are: 

1.  Increased  wheel  bearing  is  available  due  to  portions  of 
the  boattail  being  at  or  close  to  full  bore  diameter.  This  will 
decrease  inbore  balloting  and  reduce  the  first  maximum  yaw  of  the 
projectile. 


2.  These  boattail s also  provide  a good  mechanism  for  impart 
ing  full  spin  as  well  as  forward  velocity  to  a projectile  through  a 
discarding  sabot  design. 


II.  THE  PROJECTILE  CONFIGURATION 

To  explore  the  use  of  the  non-conical  boattail  on  large  caliber 
projectiles,  the  BRL  chose  the  following  design  criteria. 


1.  Anders  S.  Platou , "An  Improved  Projectile  Boattail ,"  BEL  Memorandum 
Report  No.  2395,  July  1974,  U.S.  Amy  Ballistic  Research  Laboratory, 
Aberdeen  Proving  Ground,  Maryland . AD  785520.  Also,  ADPA  1st 
International  Symposium  on  Ballistics,  13-15  November  1974,  Orlando, 
Florida. 

2.  Anders  S.  Platou  arid  George  I.  T.  Nielsen,  "An  Improved  Projectile 

Boattail.  Part  II,"  BRL  Report  No.  1866,  March  1976,  U.S.  Army 
Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland. 

AD  A024073. 
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Using  known  large  caliber,  low  drag  projectiles  with  a conical 
boattail  as  references,  design  two  similar  shaped  projectiles  using  the 
new  boattail.  The  projectiles  should  be  longer  than  the  reference 
projectiles,  for  added  payload  potential,  but  must  have  adequate  gyro- 
scopic stability  for  good  flight  characteristics.  The  projectile  will 
have  the  same  weight  and  center  of  gravity  location  from  the  projectile 
nose  as  the  reference  projectiles. 

The  BRL  selected  as  reference  projectiles,  the  lSSmm  5.7  caliber 
long  M5493  (Figure  1)  and  the  lSSmm  6.1  caliber  long  SRC  projectile 
(Figure  2)  now  being  manufactured  by  the  Space  Research  Corporation. 

The  new  projectile  configurations  with  the  non-conical  boattails 
lengthen  the  reference  projectiles  by  one-half  caliber.  The  copper 
rotating  band  of  the  M549  configuration  is  moved  forward  by  .85  caliber 
to  accommodate  the  2.036  caliber  long  non-conical  boattail  (Figure  5). 
On  the  SRC  configuration  the  copper  rotating  band  is  replaced  with  u 
plastic  discarding  rotating  band.  So  far,  46  of  the  lSSmm  M549 
projectiles  with  the  new  boattail,  henceforth  called  the  non-conical 
projectile  "A"  (NCB-A)  have  been  flown  over  full  ranges.  Flights  of 
the  SRC  projectile  with  a non-conical  boattail  (Figure  4),  henceforth 
called  non-conical  boattail  projectile  "B"  (NCB-B)  are  in  progress. 

This  paper  presents  only  the  information  obtained  on  the  NCB-A  and 
compares  it  with  the  M549. 

Initially,  20mm  solid  aluminum  models  of  the  non-conical  hoattaii 
configurations  were  built  for  aerodynamic  data  flights  in  the  BRL  Aero- 
dynamics Range.  The  small  model  diameter  decreased  the  Reynolds  number 
proportionately,  but  permitted  an  early  look  and  comparison  with  the 
conical  boattail  configuration4.  These  results  proved  the  aerodynamic 
advantage  of  the  new  boattail  and  encouraged  us  to  continue  the  program 
105mm  and  155mm  models  of  the  NCB-A  configuration  have  been  designed 
and  built  for  range  and  free  flight  firings  (Figure  5).  Spinning  wind 
tunnel  models  have  been  designed  and  built  to  obtain  pitch  and  Magnus 
data  at  transonic  and  supersonic  speeds. 

The  105mm  and  155mm  projectile  physical  characteristics  are  given 
in  Table  1,  The  projectiles  were  designed  to  have  the  same  center  of 
gravity  location  from  the  nose  (3.5  calibers)  and  for  each  size  to  have 
approximately  the  same  weight.  Since  the  105mm  projectiles  were  to  be 


3.  R.  Kline , W.  Ft.  Herrmann , and  y.  Oskay , " A Determination  of  the 
Aerodynamic  Coefficients  of  the  lb5tm,  M549  Projectile ,"  Technical 
Report  No,  4764,  November  1974,  Picatinny  Arsenal , Dover,  New 
Jersey.  AD  B002073L. 

■1.  Anders  S.  Platou,  "An  Improved  Projectile  Boattail.  Part  III,"  BRL 
Memorandum  Report  No.  2644,  July  1976,  U.S.  Amy  Ballistic  Research 
Laboratory,  Aberdeen  Proving  Ground,  Maryland.  AD  B012781L. 
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flown  only  in  the  BRL  Transonic  Range  for  aerodynamic  data,  their 
moments  of  inertia  were  tailored  to  give  each  projectile  a minimum  gyro- 
scopic stability  of  approximately  1.5*.  Since  the  155mm  projectiles 
were  to  be  flown  to  full  ranges  to  obtain  their  flight  characteristics 
under  various  flight  conditions,  their  moments  of  inertia  were  tailoxed 
to  give  each  projectile  a minimum  gyroscopic  stability  between  1.1  to 
1.2  at  Nicolet  (p  ■ 1.320  kg/m3)  and  1.3S  at  Tonopah  (p  - .997  kg/m3). 
Projectiles  flown  in  the  BRL  Transonic  Range  had  the  same  physical 
characteristics  as  those  flown  at  Tonopah  so  their  minimum  gyroscopic 
stability  was  1.1.  Seventeen  of  the  105mm  NCB-A  projectiles  and  eleven 
of  the  155mm  NCB-A  projectiles  were  flown  in  the  BRL  Transonic  Range 
for  aerodynamic  data5  (Tables  2,  3,  4,  and  5),  charge  assessment,  and 
metal  parts  integrity.  Six  of  the  NCB-A  projectiles  were  launched  at 
Nicolet,  Canada6  on  10  February  1977  to  assess  launch  and  flight 
behavior  at  minimum  gyroscopic  stability  (M  ■ .98,  p « 1.320  kg/m3). 

Four  of  the  projectiles  were  intentionally  launched  at  high  angles  of 
attack  (up  to  11°)  to  determine  their  ability  to  recover  from  poor 
launch  conditions.  Twenty  155mm  NCB-A  projectiles  have  been  launched 
at  critical  Mach  numbers  (M  * . 98)  and  at  supersonic  velocitiest  at 
Tonopah  Test  Range,  Nevada,  on  5-6  April  1977  to  assess  launch  'ind 
flight  behavior  over  the  full  range7.  Nine  of  the  155mm  NCB-A 
projectiles  were  launched  at  Tonopah  Test  Range  on  18  October  1577 

* Although  155mm  projectiles  can  be  flown  in  the  Transonic  Range,  the 
pitching  and  Magnus  moment  are  determined  more  accurately  by  using 
the  105mm  projectiles. 

+ Supersonic  launches  were  limited  to  V » 625  to  660  M/sec  (M  * 1.8) 
due  to  the  loss  in  chamber  volume  caused  by  the  boattail  intruding 
into  the  propellant  chamber.  The  standard  549  projectile  is  launched 
from  the  same  gun  up  to  M = 2.25. 

6.  /l«<ie?ra  S.  Platou,  "An  Improved  Projectile  Boattail.  Part  IV,  " ARBRL- 
MR-02826,  April  1973,  U.S.  Amy  Ballistic  Research  Laboratory, 
Aberdeen  Proving  Gr*ound,  Maryland.  AD  B027520L. 

John  H.  Whiteside,  "Transonic  Tests  of  the  155rm  Non-Coniaal  Boat- 
tail  Projectile  A and  8-Inch  XM659E4  and  EBVP  Projectiles  at 
Nicolet,  Canada,  During  Januai'y- February  1977,"  ARBRL-MR- 028 09, 
January  1978,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen 
Proving  Ground,  Maryland.  AD  B027297L. 

7.  Vural  Oskay  and  Anders  S.  Platou , "Tawsonde  Tests  of  155?m  M649  Non- 
Co  ni  cal  Boattail  Projectile  at  Tonopah  Test  Range,"  ARBRL-MR-02905, 
March  1979,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen 
Proving  Ground,  Maryland. 
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along  with  five  155mm  M549  projdttiles  ell  et  supersonic  velocities6. 

All  of  the  projectiles  launched  at  Nicolet  and  Tonopah  were  instrumented 
with  yawsonde  instruments  to  record  the  projectile  angular  motion  during 
each  flight9.  Radar  data  were  also  recorded  so  that  complete  velocity 
and  trajectory  information  are  available  on  each  flight. 

Two  sizes  of  wind  tunnel  models  were  built  of  this  configuration. 

A 2*t-inch  diameter  model  for  supersonic  tests  (M  ■ 1.75  and  2.25)  at 
the  Naval  Surface  Weapons  Center  (NSWC)  and  an  8- inch  diameter  model  for 
transonic  tests  at  Naval  Ship  Research  and  Development  Center  (NSRDC) 

(M  ■ .85  to  .98),  The  8-inch  diameter  model  permitted  close  to  full 
scale  Reynolds  number  testing  at  transonic  Mach  numbers  (Figure  6)  and 
the  2V-inch  diameter  permitted  shock  reflection  free  testing  at  M * 1.7S 
and  2.2S,  but  at  low  Reynolds  number. 


III.  THE  AERODYNAMIC  CHARACTERISTICS 

The  new  projectile  configuration  differs  from  conventional 
projectiles  in  four  respects: 

1.  The  three  twisted  "flat"  surfaces  used  to  form  the  boat- 
tail,  taper  the  main  projectile  cylinder  to  a smaller  base  area  such 
that  the  cross-sectional  area  distribution  along  the  boattail  is 
completely  changed  (Figure  7). 

2.  The  three  twisted  "flat"  surfaces  also  provide  aerodynamic 
lifting  surfaces  on  the  rear  of  the  projectile,  which  reduces  the 
pitching  moment  and  increases  the  gyroscopic  stability. 

3.  The  boattail  p rtion  of  the  new  projectile  is  not  ax i sym- 
metric which  leads  to  reduced  yawing  forces  and  moments  which  are  help- 
ful in  maintaining  good  flight  stabilities.  The  asymmetry  also  alters 
the  rolling  moments  of  the  projectile  such  that  during  flight  the 
projectile  spin  (Pd/V)  does  not  increase  as  much  as  for  a conical  boat- 
tailed  projectile. 


3 . Anders  S.  Platou , "Yawsonde  Flights  of  155rm  Non-Coniaal  Boattail 
Projectile  Configurations  at  Tonopah  Test  Range — October  197? ," 
AHBRL-MR-02381 , November  1978,  U.S.  Army  Ballistic  Research 
Laboratory,  Aberdeen  Proving  Ground,  Maryland.  AD  A065336. 

9.  William  H.  Mermagen  and  Wallace  H.  Clay,  "The  Design  of  a Second 
Generation  Yawsonde,"  BRL  Memorandum  Report  No.  2368 , April  lv74, 
U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground, 
Maryland.  AD  780064. 
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4.  The  new  boattails  also  provide  additional  wheel  bearing 
for  the  projectile  while  it  is  in-bore.  This  should  provide  less  muzzle 
jump  and  lower  first  maximum  yaws.  The  boattail  also  provides  a good 
mechanism  for  imparting  full  spin  as  well  is  forward  velocity  to  a 
projectile  through  a discarding  sabot. 

To  show  the  improved  aerodynamic  characteristics  and  flight 
behavior  the  data  obtained  on  the  non-conical  boattail  projectile  A are 
summarized  and  compared  with  the  standard  M549  projectile  in  this  paper. 


The  drag  characteristics  of  this  configuration  are  obtained  from 
the  20mm,  105mm,  and  155mm  flights  in  the  BRL  Aeroballistic  Ranges  and 
the  155mm  full  range  yawsonde  instrumented  flights  at  Tonopah.  These 
results  are  presented  in  Figure  8.  The  drag  of  this  configuration  is 
lower  than  that  of  the  conical  boattailed  M549  configuration  over  the 
entire  Mach  number  range,  The  lower  drag  is  due  at  least  in  part  to 
the  smaller  base  area  of  the  new  boattail. 

Cn  has  been  estimated  from  the  BRL  Aeroballistic  Range  flights 

as  3 for  subsonic  and  transonic  velocities  and  4 for  supersonic  veloci- 
ties. These  values  are  approximate,  but  appear  to  be  considerably 
lower  thar  the  values  for  the  M5493  (Cn  = 7 to  9) . 


B.  Pitching  Moment 


The  pitching  moment  characteristics  have  been  obtained  from  the 
20mm,  105mm,  and  155mm  projectile  flights  in  the  BRL  ranges,  the  wind 
tunnel  results  at  NSRDC  and  NSWC,  and  the  yawsonde  flights  at  Nicolet 
and  TontDah.  The  results  are  summarized  in  Figure  9 for  low  angles  of 
attack.  There  is  good  agreement  of  data  at  all  Mach  numbers  from  all 
sources;  and  it  is  seen  that  the  maximum  pitching  moment  (CM  = 5.0) 


occurs  at  M = .97  to  .98.  This  compares  with  C. 


= 5.5  at  M = .94 


for  the  standard  MS49  projectile.  It  is  also  seen  that  the  new  config- 
uration has  a lower  pitching  moment  over  the  entire  Mach  number  range 
of  interest.  It  should  be  noted  here  that  the  pitching  moment  of  the 
NCB-A  is  lower  than  that  of  the  M549  in  spite  of  the  one-half  caliber 
additional  length  of  the  NCB-A.  If  the  M549  were  one-half  caliber 
longer,  its'  maximum  would  be  5.5  to  6.0. 

a 

Data  at  higher  angles  of  attack  obtained  from  the  wind  tunnels  and 
ranges  (Figures  10  to  15)  show  the  pitching  moments  on  the  new 
projectile  are  linear  up  to  5°.  As  with  the  M549,  at  higher  angles  of 


13 


a tack  the  pitching  moment  slope  decreases  (Figures  10  to  15)  so  that 
g -eater  gyroscopic  stability  is  obtained. 

During  the  wind  tunnel  tests  of  the  NCB-A  projectile,  at  transonic 
velocities  configurations  of  both  the  straight  and  twisted  (1/2U)  tri- 
angular boattail,  with  and  without  a rotating  band  were  tested.  The 
data  (Figures  10  to  15)  apply  to  all  of  these  configurations  when  the 
projectile  is  spinning  near  the  twist  rate  of  the  boattail.  When  the 
spin  is  far  from  the  boattail  twist,  there  is  evidence  at  transonic, 
speeds  (Figures  16,  17,  18,  and  19)  that  the  normal  force  and  pitching 
moment  change  with  angles  of  attack.  These  data  show  the  normal  force 
increases  and  the  pitching  moment  decreases  as  the  spin  (Pd/V)  differs 
greatly  from  the  boattail  twist.  This  is  probably  due  to  partial  flow 
separation  from  portions  of  the  boattail  flats  when  the  spin  differs 
greatly  from  the  boattail  twist.  The  data  at  supersonic  speeds  (M  = 
1.76  and  2.27)  show  the  normal  force  and  pitching  moment  do  not  change 
with  spin  at  least  up  to  angles  of  attack  of  10°. 

C.  Pitch  Damping  Moment 

The  pitch  damping  moments  on  the  new  projectile  have  been  obtained 
from  the  BRL  Aeroballistic  Range  flights,  using  a linearized  force- 
moment  system.  The  data  are  presented  in  Figure  20  and  indicate  that 
the  new  projectile  has  the  same  pitch  damping  characteristics  (within 
the  accuracy  of  the  data)  as  the  M549.  CM  + CM  is  -15  to  -20  for 

q d 

supersonic  speeds  and  decreases  to  0 to  -10  at  transonic  speeds. 

D.  Rolling  Moments 

Unlike  conventional  artillery  projectiles,  the  new  projectile  has 
a rolling  moment  (CR  ) due  to  the  boattail  twist  (6fa  = pd/2V)  which 

6b 

maintains  roll  rate  on  the  projectile  during  flight.  Therefore, 
measurements  of  roll  damping  (C.  ) and  C are  needed  to  predict  the 

p \ 

projectile  spin.  Some  flight  values  for  these  coefficients  have  been 
obtained,  but  additional  data  are  required.  The  data  (Table  6)  have 
been  obtained  from  reduction  of  the  yawsonde  data  from  several  of  the 
155mm  full  range  flights.  The  reader  is  cautioned  that  these  coef- 
ficients must  be  used  together10.  Use  of  a roll  damping  coefficient, 

C , without  the  boattail-twist  rolling  moment,  C , will  result  in  an 

_ iL  t 

^ b 

erroneous  spin  prediction. 


10,  Charles  H . Murphy,  " Free  Flight  Motion  of  Syrmetrio  Missiles , " BRL 
Report  No.  1216 , July  1963 , U, S,  Army  Ballistic  Research  Labora- 
tory, Aberdeen  Proving  Ground , Maryland.  AD  442757. 
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E.  Yawing  Force  and  Moment 


Even  though  it  is  not  possible  to  theoretically  predict  the  yawing 
forces  and  moments  on  the  new  projectile,  it  is  possible  by  using 
existing  Magnus  force  and  moment  theories  to  visualize  the  mechanisms 
producing  these  forces  and  moments.  On  the  new  projectile  configuration 
the  side  force  and  moment  are  a combination  of  two  forces. 

At  all  Mach  numbers,  the  Magnus  force  developed  on  the  front,  axi- 
symmetric  portion  of  the  new  projectile  is  that  described  in  reference 
2.  This  force  is  in  general  linear  with  spin  as  shown  in  Figure  21  and 
acts  in  the  negative  direction  when  the  projectile  is  at  a positive 
angle  of  attack.  On  the  boattail,  however,  a side  force  is  created  by 
the  asymmetry  of  the  boattail.  The  force  is  non- zero  at  zero  spin  and 
will  be  approximately  zero  when  the  projectile  is  spinning  at  the  boat- 
tail  twist.  The  combined  side  forces  acting  on  the  projectile  are 
illustrated  in  Figure  22.  From  Figure  21,  assuming  the  forces  and 
moments  are  linear  with  spin,  the  force  and  moment  existing  on  the 
projectile  at  any  spin  at  a given  angle  of  attack  can  be  expressed  by: 

CY  = CY  + CN  pd/V 
o p 

C = C + C pd/V 
n n_  n f 


where  Cy  and  Cn  are  the  zero  spin  offsets  at  each  angle  of  attack  and 
o o 

and  are  the  Magnus  force  and  moment  spin  slopes  at  each  angle 

P P 

of  attack. 

The  coefficients  Cv  , C , C.,  , and  C have  been  determined  from 
Y n N n 

o o p p 

wind  tunnel  tests  (Figures  23  and  24)  at  two  supersonic  speeds,  but  at 
low  Reynolds  numbers.  There  is  a considerable  difference  in  the  offset 
values  (Cy  and  Cn  ) between  M = 1.76  and  2.27  which  is  not  readily 
o o 

explainable.  The  offsets  are,  most  likely,  Reynolds  number  sensitive 

and  may  change  considerably  at  real  flight  conditions.  The  author 

suspects  the  offset  values  at  M = 1.76  may  be  more  like  tho:;,e  observed 

at  M = 2.27  at  the  higher  free  flight  Reynolds  numbers.  To  partially 

overcome  this  difference,  the  values  of  Cv  and  C at  M = 1.76  have  been 

Y . n 

computed  at  pd/V  = .314  using  both  sets  of  offset  values.  This  is 
shown  in  Figure  25  (.314  is  the  twist  value  of  the  gun  and  the  boattail 
used  in  these  tests) . The  difference  in  the  yawing  moment  is  signifi- 
cant for  it  controls  to  a large  extent  the  limit  cycle  amplitude  seen 
in  the  angular  motion  of  the  projectile. 
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Even  though  the  Reynolds  number  of  the  transonic  wind  tunnel  tests 
on  the  NCB-A  is  correct,  the  tunnel  turbulence  and  the  instrumentation 
were  such  that  Cy  and  Cn  could  not  be  well  determined.  However,  the 
o o 

indication  from  these  transonic  tests  is  that  Cy  and  Cn  are  much 

o o 

smaller  than  at  supersonic  speeds.  If  this  is  true  the  combined  side 
force  and  moment  will  be  less  dependent  on  spin  at  transonic  velocities 
than  at  supersonic  velocities. 

A comparison  of  wind  tunnel  results  with  the  BRL  Aeroballistic 
Range  results  shown  in  Figure  26  indicates  that  all  of  the  measurements 
are  of  the  same  magnitude.  Because  of  the  nonmirror  symmetries  and  the 
nonlinearities  which  exist  in  the  yawing  moment,  comparisons  between 
range  and  wind  tunnel  results  must  be  made  at  the  same  spin  and  angle 
of  attack  levels. 

Yawing  moments  have  also  been  computed  from  the  full  range 
projectile  angular  motion  obtained  through  the  yawsonde  instrumentation. 
These  computations  have  been  carried  out  using  the  procedure  described 
in  reference  11.  These  computations  again  indicate  yawing  moment  non- 
linearities  with  angle  of  attack.  For  the  angle  of  attack  and  spin 
range  of  interest  the  nonlinearity  can  be  expressed  as: 


I a - C a- 
n n 3 

a or3 


Using  the  values  of  CM  + CM  obtained  from  the  BRL  Aeroballistic 

q “ 

Ranges  (Figure  20)  and  values  of  C estimated  from  the  wind  tunnel 

a 

results,  values  of  Cn  were  computed  from  the  yawsonde  data  (Table  7). 

1 a3 

F.  Damping  of  the  Epicyclic  Arms 

In  order  that  the  projectile  angular  motion  remain  small,  or  in 
ballistic  terms  remains  stable,  it  is  necessary  that  each  aim  damping 
rate  ( Ap  and  Ag)  be  zero  or  negative  or  if  one  rate  is  positive  its 

values  at  higher  angles  of  attack  must  become  negative.  In  the  latter 
case,  the  projectile  angular  motion  has  a limit  cycle  and  the 
projectile  will  fly  at  a small  angle  of  attack  during  part  or  all  of 
its  flight. 


11.  Robert  H..  Whyte,  Ray  C.  Houghton,  and  Wayne  H.  Hathaway,  "Descrip- 
tion of  Yawsonde  numerical  Integration  Data  Reduction  Computer 
Programs,"  BRL  Contract  Report  No.  280,  December  1975,  U.S.  Army 
Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland. 
AD  B010040L. 
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Even  though  the  Magnus  moment  and  pitch  damping  moment  coefficients 
are  not  well  known  for  the  NCB-A,  it  is  possible  to  roughly  determine 
the  damping  rates  (Ap  and  Ag)  of  the  epicyclic  arms.  Using  equations 

obtained  from  reference  10,  the  projectile  physical  quantities  in  Table 
1,  and  the  drag,  normal  force,  and  pitching  moment  data  obtained  during 
these  experiments,  the  values  of  Ap  and  Ag  can  be  calculated  for  various 

values  of  Magnus  and  pitch  damping  moment.  The  results  are  shown  in 
Figures  27  and  28.  From  these  figures,  it  can  be  seen  that  for  stable 
projectile  motion,  a projectile  needs  as  much  negative  pitch  damping 
moment  as  possible,  and  the  Magnus  moment  must  be  within  limits  which 
includes  zero.  Too  positive  a Magnus  moment  provides  nutational 
instability  while  too  negative  a Magnus  moment  leads  to  large  angle 
precessional  limit  angles. 

At  transonic  speeds  M * .85  to  1.0,  the  free  flight  data  (Figures 
29  a,  b,  and  c)  show  the  NCB-A  has  a 46  to  7°  precessional  limit  cycle. 

Since  the  pitch  damping  moment  coefficient  is  0 to  -10,  the  Magnus 

moment  must  be  such  as  to  produce  the  approximate  damping  rates  shown 
in  the  inclosed  cross-hatched  area  (Figure  27) . This  agrees  with  the 
Magnus  moment  coefficients  found  in  The  Aerodynamic  Characteristics 
section.  Yawing  Force  and  Moment.  The  increase  in  angular  motion  near 

the  end  of  this  flight  (Figure  29b)  is  due  to  the  low  spin  at  the  end 

of  the  flight. 

At  supersonic  speeds  the  free  flight  data  (Figures  30  a,  b,  and  c) 
show  the  NCB-A  has  a 0°  to  2°  precessional  limit  cycle.  Since  the 
pitch  damping  moment  coefficient  is  -15  to  -20,  the  Magnus  moment  must 
be  such  as  to  produce  the  approximate  damping  rates  shown  in  the 
inclosed  cross-hatched  area  (Figure  28).  Again,  this  agrees  with  the 
Magnus  moment  coefficient  found  in  The  Aerodynamic  Characteristics 
section.  Yawing  Force  and  Moment. 

Figure  29  results  are  typical  of  the  transonic  flights  made  at 
Tonopah,  while  Figure  30  results  are  typical  of  the  supersonic  flights 
made  at  Tonopah.  The  main  difference  in  the  other  flights  are  the 
launch  angle  of  attack  and  the  size  of  the  fast  (nutational)  arm  at  the 
beginning  of  the  flight.  In  all  cases  the  fast  arm  damped  quickly  to 
zero,  leaving  only  the  slow  (precessional)  arm  motion.  The  results 
of  all  of  the  flights  are  given  in  references  7 and  8. 


IV.  FIRST  MAXIMUM  YAW  DISPERSION 

The  six  NCB-A  projectiles  flown  at  Nicolet  and  ten  of  the 
projectiles  flown  at  Tonopah  were  launched  at  or  just  above  the  critical 
Mach  number  (M  = .97  to  ,93)  so  that  minimum  gyroscopic  stability 
occurs  at  or  soon  after  launch.  Under  this  condition  the  possibility 
of  a projectile  yawing  motion  increasing  (unstable  motion)  is  the 
greatest,  especially  if  the  first  maximum  yaw  is  large  (a  > 5°).  On 
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all  of  these  16  transonic  flights  the  first  maximum  yaw  varied  from  1° 
to  10°  and  the  yawsonde  records  show  that  within  a few  seconds  of  flight 
the  projectile  assumed  a limit  cycle  motion  whose  amplitude  (5s)  is 
controlled  by  the  projectile’s  aerodynamic  characteristics.  Therefore, 
this  projectile  has  the  ability  to  recover  from  poor  launch  conditions. 

The  remaining  nineteen  projectiles  were  flown  at  Tonop&h  at  super- 
sonic launch  velocities  (V  650  m/sec).  The  first  maximum  yaw  t-f 
these  nineteen  projectiles  varied  from  1.8s  to  8.8s  due  mainly  to  n 
.030"  undercut  of  the  principle  boattail  diameter.  Again,  as  with  t1 
projectiles  launched  at  transonic  velocities,  the  projectile  angula  • 
motion  for  all  flights  quickly  damped  to  low  angles  and  remained  si ./  ' 
during  the  entire  flight. 


V.  IMPACT  DISPERSION 

In  order  to  obtain  meaningful  impact  dispersion  data  on  a large 
caliber  projectile,  it  is  necessary  that  the  firings  be  conducted  under 
rigid,  controlled  conditions.  Some  of  these  conditions  are: 

(1)  The  projectiles  should  be  fired  in  muzzle  velocity  groups 
of  5 to  10,  each  projectile  being  launched  with  the  same  amount  of 
propellant. 

(2)  All  of  the  projectiles  in  each  group  should  be  fired  in  a 
short  time  interval  (3  minutes  or  less  between  rounds)  so  that  meteoro- 
logical conditions  will  be  constant  for  all  of  the  flights  in  that  group 
over  the  whole  trajectory. 

(3)  All  of  the  projectiles  in  each  velocity  group  will  be 
fired  at  the  same  muzzle  velocity  within  close  tolerances  and  the 
muzzle  velocity  for  each  round  will  be  accurately  measured  to  within 
one-third  meter  pe:.  second. 

(4)  The  impact  coordinates  of  each  projectile  are  measured 
and  corrected  to  ..ons’ant  muzzle  velocity.  This  is  accomplished  by 
calculating  tns  droen-lence  of  range  on  muzzle  velocity  using  a point 
mass  trajectory  calculation.  For  the  NCB-A  projectile  the  muzzle 
velocity- range  < orro-tion  is  35  meters  per  meter/second. 

Durxr.fc  the  firing  of  the  NCB-A  projectile  at  Tonopah  these 
conditions  were  not  completely  met  in  that  the  time  between  launches 
had  to  be  extended  to  10  to  15  minutes.  This  delay  was  mainly  due  to 
preparation  and  i itialization  of  the  yawsonde  for  each  flight.  Also, 
in  a number  ot  t ?<>.  y irings,  the  muzzle  velocity  variations  were  con- 
siderably larger  th./i  the  values  considered  necessary  for  reliable 
dispersion  nn»:a. 
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The  only  firings  of  the  NCB-A  projectile,  which  can  be  considered 
to  be  valid  for  dispersion  data,  are  the  ten  transonic  launches  at 
Tonopah  in  April  1977  and  seven  of  the  nine  supersonic  launches  at 
Tonopah  in  October  1977.  (Two  of  these  launches  are  unacceptable  due 
to  inaccurate  muzzle  velocity  measurements.)  The  muzzle  velocities, 
ranges  and  dispersion  data,  are  given  in  Table  8.  These  dispersions 
are  an  indication  that  the  NCB-A  projectile  has  acceptable  dispersion*. 
However,  these  values  must  be  corroborated  with  additional  firings  made 
under  more  closely  controlled  conditions. 


VI.  CONCLUSIONS 

1.  The  NCB-A  projectile  has  lower  drag  than  the  M549.  It  is 
possible  that  the  M549  conical  boattail  could  be  lengthened  to  give  the 
same  base  area,  but  the  increased  pitching  and  Magnus  moments  would 
create  stability  problems. 

2.  The  NCB-A  projectile  has  an  improved  pitching  moment  (C„  ) 

a 

over  the  M549  projectile,  which  gives  the  NCB-A  higher  gyroscopic 
stability.  In  this  case,  the  improved  CM  due  to  the  non-conical 

a 

boattail  has  been  usf.  to  lengthen  the  NCB-A  projectile  and  potentially 
increase  the  payload  capability. 

3.  The  NCB-A  projectile  has  smaller  Magnus  or  yawing  moments 
(CM  ) than  the  M549  at  all  velocities,  especially  at  transonic 

P« 

velocities.  This,  in  turn,  improves  the  projectile  flight  stability. 

4.  The  small  yawing  moment  creates  epicyclic  damping  rates  (X 

r 

and  Xg)  on  the  NCB-A  which  causes  it  to  fly  with  a small  precessional 

limit  cycle  up  to  7°  during  most  of  the  flights.  This  causes  no  impair- 
ment to  the  projectile  trajectories. 

5.  The  dispersion  data  obtained  from  the  full  range  flights 
indicate  that  the  NCB-A  will  have  acceptable  dispersion  levels.  How- 
ever, more  closely  controlled  dispersion  firings  must  be  carried  out 
before  good  dispersion  values  are  available. 


* Acceptable  dispersion  for  large  caliber  projectiles  is  below  .3%. 


t 
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Table  3.  Aerodynamic  Parameters  of  the  155mm  NCB-A  Projectile 
With  a 1/20  Caliber  Twisted  Triangular  Boattail 
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Table  6.  Rolling  Moment  Coefficients  of  the  NCB-A 
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.72 

.81 

.92 

1.27 

1.46 

C* 

-.125 
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-.096 

-.083 

P 

C0 

.042 

.032 

.022 

.009 

.029 

.024 

Table  7.  Aerodynamic  Data  Obtained  from  Yawsonde  Records 


M 90  to  .95  1.74  to  1.80 

a 4.5°  to  6°  2.5  to  3.2 


4.38  to  4.58 
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-10  -20 

-.4  -.4 
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Table  8.  The  Impact  Data  from  the  NCB-A 
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Figure  2.  The  155mn  SRC  Projectile 


Figure  b.  Free  Flight  and  Ground  Test  Facilities  Reynolds  Numbers 
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Figure  8.  The  Zero  Yaw  Drag  Coefficient  of  the  NCB-A  and  M549  Projectiles 


Figure  10.  The  Polar  Characteristics  of  the 
NCB-A  at  M = .851,  Rrf  * 2.59  * 106 
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Figure  12.  Tht  Polar  Characteristics  of  the 
NCB-A  at  M - .951,  Rd  = 2.47  x 106 
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Figure  13.  The  Polar  Characteristics  of  the 
NCB-A  at  M = .978,  R.  « 2.03  * 106 
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Figure  14.  The  Polar  Characteristics  of  the 
NCB-A  at  M = 1.76,  Rd  * .97  * 106 
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i Variation  In  Normal  Force  Coefficient  With  Spin  on 
i NCB-A  With  a 1/20  Caliber  Twist  Boattail  at  M = .95 


Figure  18.  The  Variation  of  the  Normal  Force  Coefficient  With  Spin 
on  the  NCB-A  With  a Straight  Boattail  at  M = .95 
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Figure  19.  The  Variation  of  the  Pitching  Moment  Coefficient  With 
Spin  on  the  NCB-A  With  a Straight  Boattail  at  M « .95 
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Figure  20.  The  Pitch  Damping  Moment  Coefficient  of  the  NCB-A  Compared 
to  the  M545  at  Small  Angles  of  Attack,  pd/V  = .314 
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Figure  22.  The  Magnus  arid  Side  Forces  Acting  on  a Trlanaular 
Boattailed  Projectile  at  Various  Spins  ( pd/V ) 
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Figure  29b. 


.997  kg/m3  (Tonopah) 


Figure  30b.  The  NCB-A  Yawing  Motion,  Flight  20,  M = 1.8, 
Q.E.  = 45°,  p = .997  kg/m3  (Tonopah) 
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